Low doses of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), administered as a single dose to the dam during gestation, alter development of the fetal rodent reproductive system. In male rat and hamster offspring, dosing with TCDD during gestation reduces epididymal and ejaculated sperm counts and delays puberty. In female rats, in utero TCDD-exposure results in reduced ovarian weight and fecundity, and induces cleft phallus and a persistent thread of tissue across the vaginal orifice. Here, we demonstrate that 2-g TCDD/kg, administered as a single oral dose prior to sexual differentiation, alters reproductive function in female hamster offspring, a species relatively resistant to the lethal effects of TCDD. In the current study, pregnant hamsters (P 0 generation) were dosed orally with vehicle (corn oil) or 2 g TCDD/kg on gestational day (GD) 11.5. P 0 maternal viability, body weight, fertility, and F 1 litter size did not differ between control and treated groups. In the F 1 generation, body weights were permanently reduced by about 30%, vaginal opening was delayed (p < 0.0001), and vaginal estrous cycles were altered by TCDD treatment. In contrast, most treated female offspring displayed regular 4-day behavioral estrous cycles, indicating that in utero TCDD treatment did not markedly disrupt hypothalamicpituitary-gonadal hormonal cyclicity. Although both control and TCDD-treated F 1 females mated successfully with a control male (estrous cyclicity was abolished by mating), 20% of the F 1 treated females did not become not pregnant (no implants). In addition, 38% of pregnant F 1 females from the TCDD group died nearterm, and the numbers of implants in pregnant animals (treated 5.1 versus 11.3) and pups born live (2.7 treated vs. 8.7 control) were reduced by TCDD-treatment. In the F 2 , survival through weaning was drastically reduced (15% treated vs.78% for control) by TCDD treatment of P 0 dams. F 1 female hamster offspring exposed in utero to TCDD displayed external urogenital malformations, with most females having complete clefting of the phallus, an effect previously reported in the rat. Unlike rats exposed to TCDD (0.2-1.0 g/kg) on GD 15 or GD 8, hamster offspring did not display vaginal threads. These results demonstrate that in utero administration of TCDD adversely affects growth, reproductive function, and anatomy in female hamster offspring given a dosage level nearly four orders of magnitude below the dosage level toxic to the adult animal. Adverse effects of TCDD persisted through two generations (F 1 and F 2 ), even though the F 1 was only indirectly exposed during gestation and lactation.
Although 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is a potent toxicant, the susceptibility to the lethal effects of TCDD varies greatly between adults of different mammalian species. For example, the adult hamster is relatively insensitive to TCDD (LD 50 ϭ 1157 g/kg; Olson et al., 1980) as compared to the rat (20 -100 g/kg). In this regard, some have proposed that the human fetus is also insensitive to TCDD, a hypothesis based upon the observation that mortality was not seen in humans accidentally exposed to very high levels of TCDD (Rudiger and Jahn, 1993) . However, recent studies have raised two important issues that challenge this conclusion. First, the rat fetus is about 100-fold more sensitive to TCDD exposure than the adult, and secondly, this fetal sensitivity to TCDD appears to exist in the hamster even though this species is relatively insensitive to TCDD in adult life. The enhanced sensitivity of the fetal reproductive system is illustrated by the following observations. The offspring of rats fed 0.01 g TCDD/kg/day in their diet had fewer litters, fewer pups per litter, and a reduced pup survival index (Murray et al., 1979) . Moreover, when a single dose of TCDD is administered in the ng/kg dose range to the rat on gestational day (GD) 15, the offspring display alterations of the reproductive system Mably et al., 1992a,b,c) . We found that female Long Evans Hooded or Holtzman rats exposed to 1 g TCDD/kg in utero on GD 15 had reduced ovarian weights and displayed malformations of the genitalia, including cleft phallus and a thread of tissue persists across the vaginal orifice . Although higher levels of TCDD are transferred to the pup in the milk than during gestation, lacta-tional exposure had no effect on any of these endpoints (Gray et al., 1997) . In fact, Flaws et al. (1997) showed histologically that the vaginal thread is a cord of mesenchymal tissue that is discernable as early as postnatal day (PND) 2 in the offspring of TCDD treated dams. In addition, when TCDD is administered on GD 8, female offspring displayed a reduction in fecundity (measured under continuous breeding conditions with a control male), an increased incidence of constant estrus, reduced ovarian size , and reproductive histopathological alterations (Mann, 1997) . With GD 15 exposure, many of these effects were noted in female rat offspring at dosage levels as low as 0.2 g/kg (Gray et al., 1997) . We also have shown that in utero exposure to 2 g TCDD/kg on GD 11.5 permanently alters reproductive development of the male hamster . However, the response of the developing female hamster reproductive system to TCDD has not been described.
The present study was designed to determine if development and function of the reproductive system of the female hamster are adversely affected by a relatively low dose of TCDD. Pregnant female hamsters were exposed to 2 g TCDD/kg on GD 11.5 (a period of development equivalent to GD 15 in the rat) and the reproductive morphology, behavior, and function of the female offspring were evaluated.
MATERIALS AND METHODS
Upon receipt, 60-day old Syrian hamsters (Sasco, Omaha, NE) were individually housed in clear plastic polycarbonate cages (47 ϫ 25 ϫ 15 cm) with laboratory grade pine shavings as bedding, and allowed Agway Prolab 3000 chow and tap water ad libitum. Lactating dams and pre-weaning pups were also fed cabbage as a supplemental water source. Animals were maintained at 20 -24°C and 40 -50% relative humidity, with an altered light cycle (14-h light:10-h dark, lights off at 11:00 AM). The hamsters were acclimated to the altered light cycle for about 2 months prior to mating.
The current experiment was conducted in 2 sequential blocks. At 139 (block 1) and 122 (block 2) days of age, 20 (P 0 ) hamsters were mated during the nocturnal stage of the light cycle to untreated males for approximately 1 h (gestational day [GD] 0). Successful mating (inducing either pseudo-or pregnancy) was verified by the absence of lordosis behavior on the next proestrus. At this time, hamsters were housed individually. On GD 11.5, a stage prior to sexual differentiation in the hamster (Hoar and Monie, 1981) , dams were randomly distributed, from the 2 blocks, into the control (n ϭ 9) and treated (n ϭ 10) groups, equilibrated with respect to average percent weight gain, and dosed by gavage with corn oil (vehicle; 2.5 ml/kg) or 2 g TCDD/kg maternal body weight in corn oil. This dose was selected because we expected that it would not be lethal or malform a significant percentage of the hamsters, based on the study of Olson et al. (1990) .
Maternal/pup growth and viability were monitored throughout the study. On the day of birth and at days 3, 7, 10, 14, 21, and 28, F 1 pups were counted and weighed by sex. At weaning on PND 28, pups were housed in unisexual groups with 2 or 3 littermates per cage. Individual body weights were monitored on a weekly basis thereafter. Litters were not standardized to a specific number of pups or cross-fostered, because such disturbance can often agitate the newly lactating hamster sufficiently to induce whole litter loss and lactating hamsters typically cull their own litters during the neonatal period. After weaning, P 0 dams were euthanized using carbon dioxide and the number of implantation scars were counted.
Developmental landmarks of female F 1 offspring were monitored including vaginal opening (which is not concurrent with puberty in this species), eye opening, and the age at first estrus (an index of puberty in the female hamster). We monitored vaginal opening (VO) from PND 7 and eye opening (EO) from PND 10 on a daily basis until complete. Estrous behavior was monitored starting on PND 31 to determine the age at first estrus. Estrous behavior involves the display of lordosis on proestrus in the presence of a sexually active male. Hamsters normally display very precise 4-day estrous cycles. This behavior is not normally displayed at estrus, diestrus, or metestrus. Behavioral and vaginal estrous cyclicity were monitored on PND 59 through PND 69. In the hamster, vaginal secretions also vary predictably with the estrous cycle. At proestrus, a clear, mucous-like string is discharged from the vagina, while at estrus, the next day, a distinct thick, white, aromatic postovulatory discharge is present (Kent, 1968) . Prior to mating, female offspring were monitored for 4 days for behavioral and vaginal estrous cyclicity. At PNDs 152-166, the F 1 females were mated to untreated males for about 45 min after lights out on proestrus. Four days later each female was examined for the display of vaginal and/or behavioral estrus, which would only be displayed if the female had not mated. Hence, the absence of proestrus was taken as an indication of successful mating. A few treated females that displayed lordosis at this time were re-mated. The length of gestation, the percentage of females that delivered, the numbers of live and dead F 2 pups per litter, and litter weights were recorded on PNDs 0, 4, 11, and 25. After PND 25, F 2 hamsters were euthanized. Adult F 1 female hamsters were necropsied on PNDs 396 -397 (block 1) and 234 -241 (block 2). At necropsy, measurements were taken on the length of the urethral slit and the distance from urethral opening to posterior vaginal opening. In addition, pituitary, liver, paired kidneys, paired adrenals, paired ovaries, and reproductive tract (uterus, cervix, and complete vagina) were weighed (both blocks), and implantation scars were counted (only in block 2). Data were analyzed on the basis of litter means as 2-way ANOVAs (with treatment and block as main effects) on PROC GLM using SAS software available on the USEPA network, and categorical data were analyzed by Chi-square or Fisher's exact analyses, as appropriate.
RESULTS

P 0 Fertility
All P 0 dams delivered, and gestation length was normal in both control and treated groups. Average litter sizes for control and treated groups were 10.2 and 9.9 pups/litter, respectively, on PND 3 (Table 1) . Note. GD 11.5 oral administration of 2 g TCDD/kg maternal body weight. Values are litter means Ϯ SE.
*Body weights differ significantly from control.
Growth and Development
The average body weight (BW) of dams (P 0 ) in the treated group did not differ significantly from that of dams in the control group at any point in time (data not shown). However, BWs of the F 1 pups were reduced in the TCDD-group throughout the study (Table 1, Fig. 1 ). After puberty, control female BW was greater than the average control male BW, which is the typical sexual dimorphism in this species. Among treated animals, this sexual dimorphism in BWs was attenuated by TCDD treatment (Fig. 1) . Body weight was reduced by about 20% at 35 days-of-age and 30% at 140 days-of-age, just prior to mating, an effect that persisted through gestation (Fig. 2) .
Eye opening (EO) in the F 1 generation first occurred on PND 13 in the control group and on PND 14 in the treated group. By PND 14, 72.8% of eyes in the control group were open, whereas 42.9% of eyes in the treated group were open (Fig. 3) . EO was complete in all of the pups in the control group on PND 17 and in all the pups of the treated group on PND 18.
Onset of Vaginal Opening in F 1
Vaginal opening (VO), which is not associated with puberty in the hamster, was displayed on PND 10 in 34 out of 39 control pups (89.6%) with at least 1 pup per litter, but only 2 per treated litter (5 out of 41 pups, or 12.2%) had achieved VO at this time (Fig. 3) . VO was completed in every female pup in the control group on PND 13, but not until PND 19 in the treated group (p Ͻ 0.001).
Puberty and Estrous Cyclicity in F 1
In the hamster, the onset of behavioral estrus normally occurs at about 30 days-of-age. The percentage of females that attained puberty by 34 days-of-age was slightly and signifi- 
FIG. 2.
F 1 female hamsters were larger than the TCDD group prior to and during pregnancy (left panel). As shown here, nulliparous female hamsters gain little or no weight during pregnancy, but rather, they rely upon body stores accumulated prior to mating to sustain the F 2 during pregnancy and lactation. The reduced weight loss at term (right panel) in TCDD-F 1 females was related to reduced numbers of implants and smaller litter sizes in this group. cantly reduced by in utero TCDD-treatment from 100% (39/ 39) in control to 85% (28/33) in treated animals (p Ͻ 0.02), which is unusual for the hamster (Fig. 3, Table 2 ).
Behavioral and vaginal estrous cycles were normal in 38 of 39 F 1 control animals, while in the treated group, only 4 out of 33 animals had normal vaginal estrous-cycle secretions (p Ͻ 0.0001, Fig. 3) . Some of the treated animals did not have a stringy discharge on proestrus, did not have a postovulatory discharge (n ϭ 25) or lordosed on a day other than proestrus (n ϭ 4, Fig. 3 ). However, behavioral estrous cycles were displayed at regular 4-day intervals in most control and in most TCDD-treated offspring (Fig. 3) .
F 1 Fertility
Treated and control F1 females mated successfully, although a few TCDD females required re-mating. However, the percent of mated F 1 offspring in control versus treated females that became pregnant was significantly reduced, from 100% to 79%, respectively. In addition, 38% of the pregnant dams in the TCDD group died near-term (Fig. 3) and those that delivered had smaller litter sizes (8.7 in controls to 2.7 in the treated, p Ͻ 0.0001) ( Table 2 ). The reduced litter size primarily reflects the reduction in the number of implantation sites in the TCDD group. Of the treated females that delivered, 5 of them, or 19%, delivered a day late (p Ͻ 0.005), and none of the pups from these litters survived to weaning (Table 2) . From birth to PND 25, the survival rate of the F 2 pups was dramatically reduced (Fig. 3) . The percentage of females that delivered, which had viable litters (defined as a litter with any live pups) at weaning was reduced from 94% in contrast to the treated group to 31% (5/16) (p Ͻ 0.001; Fig. 3 ). At weaning (PND 25), there were 6.7 pups/litter in the control group as compared to 0.75/litter in the treated group (p Ͻ 0.0001; Table 2 ). The poor reproductive success of the F 1 -TCDD group as the smaller animals did not overcome this deficit during pregnancy (Fig. 3) . Among surviving F 2 pups, BW did not differ significantly between control and treated groups (data not shown).
Necropsy of F 1 Females
Necropsy of F 1 offspring revealed reduced body, liver, reproductive tract, and ovarian weights, and malformations of the external genitalia including a mild form of hypospadias, cleft   FIG. 3 . During infantile development of the F 1 generation, the percentage of animals displaying vaginal opening at 10 days and the percentage of open eyes at 14 days of age (litter means, analyzed by ANOVA) were significantly delayed in the treated group. After weaning, the percentage of animals not displaying behavioral estrus was significantly increased (by Fisher's Exact test), while the percentage of animals with abnormal behavioral estrus (not significant), vaginal proestrus cycles, and vaginal estrus cycles (significant by Fisher's Exact test) were increased. All females in both groups mated successfully (as indicated by the loss of estrous cyclicity after mating), but the incidence of nonpregnant, late deliveries, females with dystocia, and dams with litters that failed to wean any pups at day 25 were significantly increased (Fisher's Exact test). Note. GD 11.5 treatment of P 0 dams with 2g TCDD/kg maternal body weight. The survival of the F 2 also is dramatically reduced by TCDD exposure only to the P 0 .
a Indicates that these values are litter means Ϯ SE.
phallus and a decrease in the urethral-vaginal distance in the treated females (Table 3) .
DISCUSSION
In a previous study, we found that gestational dosing with 1 g/kg TCDD resulted in reproductive anomalies in female rat offspring. The goal of the present study was to determine whether the female reproductive system of the Syrian hamster, which is resistant to the lethal effects of TCDD during adult life (hamster LD 50 ϭ 1157 g/kg vs. rat LD 50 ϭ 20 g/kg), is also susceptible to the adverse effects of TCDD during fetal life. In the current study we found that reproductive function of the female hamster was more severely affected than female rats in previous studies (1 g/kg for rat versus 2 g/kg for the hamster). In the F 1 female hamster, growth, vaginal cyclicity, F 2 litter size, and F 2 survival were dramatically affected by in utero TCDD exposure. Although TCDD-treatment did not alter maternal viability or pregnancy in the P 0 generation, it induced F 1 maternal death, reduced the numbers of implants and pups in the F 1 dams about 6 months after perinatal exposure. These effects may be the consequence of being permanently stunted by the early exposure to TCDD. As shown in Figure 1 , adult female hamsters typically weigh more than their male siblings. However, during gestation, the female hamster normally gains little weight, if any, such that the weight of the lactating dam is about 50 grams less than her weight prior to mating (Fig. 2) . It may be that the TCDD-F 1 females were physiologically compromised to such a degree that they were unable to withstand the additional physiological demands of pregnancy and lactation. Like the rat, female hamsters displayed cleft phallus (90%) and reduced ovarian weights, but the treated hamsters did not display a vaginal thread. Cleft phallus also occurred in the TCDD-exposed rat offspring in our previous studies (Gray et al., 1997; . This malformation of the external genitalia at 2 g TCDD/kg represents a mild form of female rodent hypospadias in which the phallus is cleft and the urethral opening is located caudally from its normal position. In the female rat, mouse or hamster, the urethral opening is normally positioned at the tip of a small, male-like phallus. In mild hypospadias, the urethral opening is separate from the vaginal orifice. This degree of hypospadias closely resembles the effects of in utero exposure to DES and other potent estrogens. Cleft phallus occurs in hamsters dosed with estradiol (Whitsett et al., 1978) and rats dosed with DES (Voherr et al., 1979) , or the synthetic estrogen RU2858 (Vannier and Raynaud, 1980) . However, in contrast to the higher dosage levels of synthetic estrogens, in utero TCDD exposure did not result in formation of a common single urethral-vaginal orifice.
The observation of relatively normal pubertal onset and behavioral estrous cyclicity in most F 1 treated hamsters indicates that the cyclic production of hypothalamic-pituitary-gonadal hormones was not severely disrupted in these animals. In contrast, normal vaginal estrous cycle discharges were disrupted in most treated females. Syrian hamsters normally have very consistent vaginal and behavioral estrous cycles. On the day of lordosis (proestrus), a stringy mucus discharge is present in the vagina, while on estrus, the following day, an opaque yellowish "postovulatory discharge" is readily apparent. The dichotomous response between behavioral and vaginal cyclicity indicates that the altered vaginal estrous cyclicity results from a lesion in the reproductive tract as opposed to an alteration of hypothalamic-pituitary-gonadal functions. Cleft phallus and the absence of vaginal discharge usually occurred in the same individuals.
In the current study, most F 1 females from both control and TCDD-treated groups mated and stopped displaying behavioral estrous cycles. The cessation of cyclicity indicates that mating provided sufficient cervical stimulation to induce prolactin surges, which prevents corpora lutea regression and eliminates estrous cycles for the first 10 days of pregnancy (or in the case of some of the TCDD females, pseudopregnancy). However, a significant percentage of the TCDD-treated F 1 females were pseudopregnant rather than pregnant. They mated and stopped cycling, but had no implantation sites. Such an effect could result from any one of several reproductive problems including (1) ovulation failure (although this would typically be accompanied by constant estrus), (2) failed sperm transport, (3) failed fertilization, (4) preimplantation embryo mortality, or (5) failed implantation.
The results of this study show that TCDD adversely affects the developing female hamster reproductive system. Effects include altered vaginal opening and vaginal estrous cyclicity, altered reproductive success, and malformations of the external genitalia. These effects are much more severe than any effects seen in the female F 1 rat (at 1 g), where fecundity, but not fertility, is reduced. Here the F 2 survival to weaning is virtually eliminated. Given that the hamster is considered a species resistant to the lethal effects of TCDD, it is a significant finding that the fetal hamster is adversely affected by 2 g/kg TCDD, which is 3-4 orders of magnitude below the LD 50 for the adult hamster. The fact that adverse reproductive effects are seen in the hamster illustrates the exquisite sensitivity of the developing reproductive system to TCDD even in a species that is resistant the lethal effects of TCDD. In this regard, survival of humans after TCDD exposure at high-dosage levels does not necessarily confer protection to a fetus, because adult toxicity has little to do with the fetal effects of TCDD.
